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This study used aluminum powder as a raw material to fabricate a wick for loop
heat pipes by the powder metallurgy method and took advantage of the excellent
corrosion resistance, low density and low cost of aluminum. The average pore
diameter, porosity and permeability of the aluminum wicks were 9 um, 47.65%,
and 2.1 - 10 m=, respectively. Then, to verify the feasibility of the aluminum
wick, it was installed into a loop heat pipe to test the heat transfer performance.
The experimental results showed that the loop heat pipe could transport a heat-
ing load of 130 W with a thermal resistance of 0.04 K/W under horizontal condi-
tion. A steady-state loop heat pipe mathematical model was developed, and the
numerical results were compared with the experimental data. The results show
that the model data are consistent with the experimental data, which means that
Al wicks are suitable for use in the case of a high heating load and light weight.
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Introduction

The rapid development of integrated circuit technology requires characteristics such
as miniaturization and integration, thus, high-efficiency heat dissipation equipment is also re-
quired. Loop heat pipes (LHP) are efficient two-phase heat transfer devices with porous wicks
that pump the working fluid, and they are capable of transferring heat over long distances,
maintaining thermal homogeneity, and operating in a microgravity environment. The LHP
possess many advantages relative to conventional heat pipes, and they are capable of transfer-
ring heat for several meters, isolating mechanical vibration effectively and making the con-
nection between the heat source and heat sink more flexible.

Porous wicks, as the critical component in LHP, play a pivotal role in the operation-
al process. The wick should possess an appropriate pore size distribution, porosity, thermal
conductivity and permeability to produce a stable capillary force to circuit the working fluid
and keep the LHP at a suitable operating temperature.

Due to the simple sintering process of copper powder, the most widely used materi-
als for LHP wicks are copper, stainless steel, nickel, titanium, zirconia, etc. However, the den-
sity and thermal conductivity of copper are approximately 8.9 g/cm® and 377 W/mK, respec-
tively. The larger density and thermal conductivity limit the application of LHP in many are-
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as. Currently, the most widely used materials for processing wicks include copper, nickel,
stainless steel, polytetrafluoroethylene, etc. Research shows that polytetrafluoroethylene
wicks have a good inhibitory effect on heat leakage [1-3] and relatively good heat transfer
performance. However, these polymers usually have melting points lower than 327 °C and
polymers have relatively larger contractions than metal materials in cryogenic areas. These
characteristics certainly limit the application of LHP in the fields of high temperature and low
temperature. In addition, metallic wicks are also widely used. Guo et al. [4] assembled an
LHP with nickel wick to study the startup of a cryogenic loop heat pipe (CLHP) with redun-
dancy and reliable and long-life operation. Experiments showed that its startup was affected
by the inner diameter of the transport line and the distribution of working fluid in the system.
Bai et al. [5] fabricated a CLHP using a nickel wick to study the effect of the relative position
of different components on the startup and operation of CLHP. The position of the secondary
loop line and compensation chamber is considered to have a strong influence on the startup of
the CLHP. Zhou et al. [6] produced a plate-type LHP using copper and nickel as wick materi-
als to study the influence of multilayer wicks on the heat transfer performance of LHP. Com-
pared to the nickel foam, the LHP with multilayer copper foams with wick structures showed
better performance with different heating loads because of the higher thermal conductivity
and smaller pore size. Celata et al. [7] described an experiment on an LHP with the evapora-
tor in the shape of a flat disk with an active diameter of 50 mm and a thickness of 13 mm. The
wicks were made of stainless steel, and water was used as the working fluid. The result
showed that the thermal resistance of the LHP, which is the resistance from the evaporator ex-
ternal surface to the condenser external surface (refrigerant water sink), ranged from 3.33-
50.7 K/W. Wicks made of commonly used metal material have a higher density, which is of
great significance for reducing the weight for aerospace missions, however, limited research
has been conducted in this area.

Foamed aluminum has low density, high temperature resistance, strong fire re-
sistance, corrosion resistance, sound insulation and noise reduction, and it shows good per-
formance in the field of construction, aerospace, and machinery [8-13], which makes it an
ideal material for porous wicks of LHP. Few LHP have included aluminum wicks, and the
commonly used cold pressing sintering and hot pressing sintering methods commonly used in
aluminum powder sintering are not suitable for the production of aluminum wicks because
wicks produced by these methods have a very low porosity. Therefore, this paper attempts to
use a loose sintering method to make aluminum wicks. In this study, an LHP equipped with
an aluminum wick was fabricated by sintered aluminum particles. A test was conducted with
a heating load of 80-130 W. To analyze the operating performance of aluminum porous
wicks, a steady-state mathematical model of LHP is developed.

Experimental set-up

Al wick description

The density of aluminum is only 2.7 g/cm?, which is much lower than that of copper,
nickel, and stainless steel. This is very important for the application of LHP in aircraft. Gen-
erally, the operating temperature of spacecraft and electronic equipment is between 200-350
K, Muenzel [14]. According to the calculation formula of the Dunbar parameters [15, 16], eq.
(1), the best working fluid in this temperature zone is ammonia. Related experiments show
that when the channel heat pipe wall is made of aluminum or aluminum alloy, there is no per-
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formance degradation in the channel heat pipe. Therefore, aluminum and ammonia are com-
patible [17].

b 275, 0,
U= 0.25

Hy
where 4, o, pv, and u, are the thermal conductivity, surface tension, vapor density, and dy-
namic viscosity of the working fluid, respectively.

At present, the existing methods for pro- o
ducing foamed aluminum are not suitable for $i ?
processing wicks due to the difficulty of control-
ling the foaming agent and the cost [18, 19].
This paper investigates the use of a loose sinter-
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Wick manufacturing process furnace for sintering

This study chose aluminum as the material
to manufacture wicks. Figure 1 shows the oper-
ational process of aluminum wick manufactur-
ing. To select aluminum powder with a certain
particle size, spherical aluminum powder was
screened. Then, additive powder was added to
the aluminum powder to assist the sintering
process. Finally, the mixed powder was put into
the mold for sintering. In terms of the sintering
mechanism, a certain proportion of the additive
powder can promote sintering but will also re-
duce the porosity.

Fabrication of LHP

The LHP studied in this paper is an ammo-
nia-aluminum LHP equipped with an aluminum
wick. The evaporator and the compensation
chamber have an inner diameter of 20 mm. The
wick consists of twelve vapor grooves and a lig-
uid channel with diameters of 2 mm and 8 mm,
respectively. The average pore size and porosity
of the wick are 9 um and 47%, respectively. All
transport lines are made of @6 x 1.5 mm 6061
aluminum pipes with lengths of 670 mm and 530
mm for the vapor and liquid lines. Figure 2
shows a cross-sectional view of the evaporator

Figure 1. The aluminum wick manufacturing
operation
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Figure 2. Construction of the evaporator
and compensation chamber
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Figure 3. The LHP and the measurement
system

and compensation chamber. The bayonet tube goes deep into the wick so that the returning lig-
uid can infiltrate the wick faster, and a thin layer of secondary wick is observed on the inner
wall of the compensation chamber so that the liquid in the compensation chamber can be sup-



Lin, B., et al.: Study of the Heat Transfer Performance of a Loop Heat ...
1382 THERMAL SCIENCE: Year 2022, Vol. 26, No. 2B, pp. 1379-1390

plemented to the evaporator as much as possible. In the experiment, the film heater was used as
the simulated heat source. The film heater is directly attached to the evaporator casing, the heat-
ing element is controlled by DC power, and the output power range is 0~150 W.

The temperature measurement system uses a T-type thermocouple, and the LHP has
a total of 9 points. Figure 3 shows the location of each measurement point. Two measuring
points were allocated for each of the liquid lines, and one measuring point was allocated for
each of the evaporators and the compensation chamber. Data were recorded every 20 seconds.

After the experiment preparation is complete, the experiment on the heat transfer
performance of the LHP begins. Figure 4 shows the final test result of the LHP equip with an
aluminum wick, and the performance parameters of the LHP are obtained. This study relies
on these data to analyze the performance of the LHP and the consistency between the steady-
state model data and the experimental data.
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Figure 4. Heat transfer performance under different heating load; (a) test result under different
heating load and (b) thermal resistance under different heating load

Experimental result

First, the water-cooling equipment was turned on to make the condenser temperature
reach 295 K. After the temperature of all measuring points is stable, the DC power supply is
turned on to heat the evaporator. After the heating load reached 80 W, the temperature of each
measuring point showed a stable trend, and then the heating load was increased to 90 W. The
rest of the heating load was deduced by analogy. The test data show that this LHP can run
stably under a heating load of 130 W and the thermal resistance is approximately 0.04 K/W.
When the heating load reaches 140 W, the LHP will dry out; that is, the temperature of the
evaporator increases dramatically while the temperature of the condenser drops linearly.
Thermal resistance is calculated by:

R = Tev éTcond (2)
ap

where Tey and Teona are the evaporator temperature and condenser temperature, respectively,
and Q,p — the heating load applied to the evaporator.

It is worth noting that when the heating load is higher than 100 W, the temperature
of the liquid line has a certain oscillation, with an amplitude of approximately 1 K and an os-
cillation period of approximately 4 minutes. It is believed that this oscillation is caused by the
periodic movement of the vapor-liquid interface at the condenser outlet [20-22]. In this case,
the liquid line has a large temperature oscillation amplitude and the evaporator and compensa-
tion chamber have a small amplitude.
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The application temperature zone of ammonia is very wide, and the Dunbar parame-
ter of ammonia is much higher than that of other working fluids in the same temperature zone.
At present, copper wicks are the most commonly used in LHP. Although both copper and
aluminum are excellent conductors, copper is not compatible with ammonia. In addition, alu-
minum has relatively high tensile strength and is easy to process. The ammonia-aluminum
LHP is of great significance for spatial applications of the LHP.

Mathematical model

Assumption

To analyze the overall heat transfer performance of the ammonia-aluminum LHP,
this section presents the establishment of the overall heat transfer model of the LHP. Tradi-
tional LHP consist of an evaporator, compensation chamber, vapor line, liquid line, and con-
denser. Figure 2 shows the structure of the evaporator and compensation chamber and the dis-
tribution of the working fluid inside. The working fluid in the vapor line and liquid line are
considered saturated vapor and saturated liquid, respectively. To facilitate the calculation and
simplify the model, the following assumptions are made.

—  The vapor-liquid interface of the evaporator was assumed to be located in the outer sur-
face of wick the whole time.

— The condenser contains only two phase areas and subcooled areas.

— The working fluid running into the compensation chamber from the liquid line is sub-
cooled.

—  The local resistance in the transport line and condenser are neglected.

— The working fluid in the compensation chamber is saturated.

Transport line

Transport lines, including vapor lines and liquid lines, are generally composed of
smooth metal pipes, and they usually connect the evaporator and the condenser. In the process
of simulating the transport line, the local resistance and the thermal resistance of the pipe wall
are generally ignored. When calculating the transport line, the outlet temperature, Tou, is first
assumed. Because the temperature difference between the inlet and outlet of the transport line
is quite small, the arithmetic mean temperature difference between the inlet and outlet of the
transport line is used instead of the logarithmic average temperature difference. The vapor
line calculation is taken as an example:

Tm — Tin +T0ut
2
where ty is the characteristic temperature of the vapor line and Ti, and Toy are the inlet and
outlet temperatures of the vapor line, respectively. After obtaining the characteristic tempera-
ture, NIST is used to obtain the physical parameters of the working fluid. Then, the un, Reyn-
olds, and Nusselts values of the working fluid can be calculated:

3)

Upy =—3 @
r’p

umdi
v

Re; = ®)
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The value of Nusselts was calculated by the Dittus-Boelter equation:

Nu; =0.023Re**Pr;** (t, >t.) (62)
Nu; =0.023Re;**Pr, 3 (t,, <t ) (6b)
Nu; A4

h1:i+ ! lnd—°+ ! ®)

h f 2 7.M'p di hp—amb

Heat exchange occurs between the vapor lines and the environment, which is hard to
ignore. To calculate this part of the heat, we must first calculate the heat transfer coefficient
between the pipeline and environment [23]:

T —Tamb ]0.25 (9)

o

hp-amb = 1.32(

According to the energy conservation, taking the heat transfer coefficient as a fixed
value, the following equations can be obtained:

Qut-amb
— vi-am 11
2 arlLaT (an

Then, we can judge whether the calculated outlet temperature is reasonable. If
h, = h,, then temperature Toy is considered appropriate. Otherwise, reset Tou. Then, calculate
the pressure drop AP in the transport line after obtaining Touw. The AP of the transport line is
defined:

1 5, 4
AP=f—p.u2 — 12
pr mdiLvl ( )
16 Re < 2200
fo 1;‘;)79 (13)
— 2200 <Re <10’
Re™

In this way, we can obtain the outlet temperature and pressure drop of the vapor line.
The calculation process of liquid line is the same.

Fvaporator

After the heating load, Qap, enters the evaporator, it is mainly divided into three
parts:

Qap = Qlatent + Qsensible + Qheat leak (1 4)
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where Qiaeent is the heat required for evaporation of the liquid working fluid in the wick, eq.
(15) and Qsensivle is the heat required to heat the liquid working fluid from the compensation
chamber temperature to the evaporation temperature, eq. (16). Among them, latent heat is the
main method of heat transfer:

Qlatent =mh fg ( 1 5)
Qsensible = me (Tev—sat - TCC—sat ) (1 6)
Mass flow, 71, is a very important parameter, and it is calculated:

M = Qap - Qsensible - Qheat leak (1 7)
hyg

The wick is a porous structure, therefore, the pressure drop inside the wick is calcu-
lated according to Darcy's law:

. I
mgy In -
I

APy = ———— 18
wick 275,01K|—Wick ( )

A pressure drop will occur when the working fluid flows in the vapor grooves. This
part of the pressure drop can be calculated:

m
Uy, = . (19)
Np, Ty,
L,
ng,eff = Tg (20)

Condenser

The Lockhart-Martinelli separated flow model and Chato equation were used to cal-
culate the two-phase region of the condenser [24].

According to the energy conservation, the heat released from the two-phase region
of the condenser is equal to the heating load minus the heat leakage and vapor line heat leak:

Qtp = Qap - Qheat leak — Qvl—amb (2 1)

The heat transfer coefficient between the two-phase flow and inner wall of the con-
denser line can be calculated:

Mo =7 1 d, 22)
+——In—2%
htp_pndi 27[113 di

The flow in the two-phase region is consistent with the Chato formula and Newton
cooling formula:

2pp-poghty |
1 v fg i| (233)

h= 0.555|:
luldi (Tsat - Tsink)
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fg = hfg + gcp (Tsat _Tsink) (23b)
Ly il (23¢)

- h(Tsat _Tsink )A\:ond

where Acond 1S the cross-sectional area of the condenser and 4 is the heat transfer coefficient of
condensation in the horizontal tube.
According to the Lockhart-Martinelli separated flow model, the pressure drop in the
condenser is obtained:
dF _dF dx

— = 24
dz dx dz @4

Compensation chamber

According to the mass conservation, the filling amount of the working fluid, Mcharge,
is equal to the sum of the working fluid mass in each component:

M =Mev+le+Mll+Mcond+MCC (25)

charge

The value of ¢ is an extremely important parameter for normal operation of the
LHP. The liquid fraction of the compensation chamber can be calculated as [25]:

Mee — oV,
V, = cc ~ PvVee (26a)
P~ Py
Vv = M (26]3)
P~ Py
Vi
Acc = (26¢)
Vee

If it is too small, then the rate of working fluid replenishment will be less than the
rate of working fluid evaporation in the wick. Consequently, the vapor-liquid interface returns
to the inner surface of the wick, and a dry out phenomenon occurs. If the value of ¢ is
equal to 1, then the LHP works in a constant conductance area.

The capillary pressure should be larger than the total pressure drop of the circuit,
which is an important basis to judge whether convergence occurs:

20

e 2 AR, + AP, + AR + AR + AR, 4 + APty
p

27

According to the principle of energy conservation, subcooled liquid returned to the
compensation chamber should neutralize the heat leakage and heat exchange between the com-
pensation chamber and the environment:

Qheat leak T QCC-amb = qub-CC-in (28)

The energy equation of the compensation chamber is the most important factor for
judging whether the calculation converges. The main method of calculating heat leakage is to
simplify the heat leakage into the form of cylindrical radial heat conduction or to calculate the
heat transfer coefficient experimentally. The former hypothesis is used in this paper, eq. (29):
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Qneat teak = G (Tey = Tee) (29a)

5]
?
o/ (29b)

Gy, =mCy ¢ ”
A
1—| i
[ rO j
mc
n= __pcC (29¢)
2Mwick,eff Lyvick

Solution algorithm

The solution flow chart of the previous model for the LHP is shown in fig. 5. The in-
itial value of the evaporation temperature should not be set too small, otherwise, the pressure
drop in the circuit will be too large, and eq. (27) cannot be satisfied.

Initial evaporating
temperature setting
l N . Qap - Qsen5|ble - Oheat leak
my =

hig

Evaporating temperature
increase

I

%

heg

h
Calculate AP, and
other evaporator

parameters Calculate energy
balance in CC

[}

Y

Calculate AT, AP in
each component

20
2 APiotal
P

Figure 5. Mathematical model calculate flow chart

The results of eq. (28) are used to judge whether the results meet the requirements of
energy conservation, which is a necessary condition for the steady-state model. If energy con-
servation is not satisfied, then the evaporation temperature continues to iterate at + 0.01 K un-
til the condition is met or the calculation of the critical temperature fails. The physical mean-
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ing of energy conservation of the compensation chamber is that the subcooled degree of the
working fluid flowing back from the liquid line compensates for the heat leakage and the heat
exchange between the compensation chamber and the environment. The heat transfer between
the compensation chamber and the environment is natural convection in ground-based appli-
cations.

Since Quepgibie ANd Qpear 1ok ar€ Unknown at the beginning of the calculation, Qap is
used to calculate r1:

m= Qap (30)
hg
Then Qqepsivie A1d Qpeyr 1eak €an be obtained, and m can be modified by eq. (17).

Mathematical model verification

To verify the feasibility of this mathematical model, the calculated results of the
model are compared with the experimental results of the LHP in this work, fig. 6.
As shown in fig. 6, the discrepancy be-

(]
o
o

g | —=—CC casing - experimental result tween the model results and the experimental
p 308{ = CCcasing - model result results is approximately 3 K, and the trend of
2 1 —* Evaporator casing exper. result//' . . . ..
§ 304 A temperature change with heating load is similar
g . %E ¢ to the experimental results, which proves that
() . .
s / . " the model is reasonable and effective. However,
300 /:,,/f - there are still some differences between the
" . .
sos] :&! E model calculation results and the experimental
] * Evaporator casing model result results, and these differences increase with in-
—+— Condenser outlet-exper. result A A
2961 * Condense out. model result creasing heatmg load.
T80 | 90 | 100 | 110 | 120 130 — In the model, the vapor-liquid 1n.terface.1s
Heating load [W] assumed to be on the surface of the wick, while
in reality, it begins to retreat to the evaporator

Figure 6. Comparison of the model calculation . "
regults and expperimental results core when the heating load reaches the critical

heating load. The wick area above the vapor-
-liquid interface is filled with saturated vapor
working fluid.

— Moreover, the effective thermal conductivity of the wick will also change at this time, re-
sulting in a change in the form and value of heat leakage. This change could be increas-
ingly obvious with increasing heating load. In addition, when the vapor-liquid interface
retreats to the inside of the evaporator, the bubble will also hinder the flow of the working
fluid.

— In the cryogenic experiment, the heat exchange between the condenser and the environ-
ment is very small and the lowest temperature in the condenser is at the outlet of the con-
denser, however, in the normal temperature test, the outlet temperature of the condenser is
not the lowest. Even with polyamide thermal conductive sheets, a certain level of contact
thermal resistance is observed between the condenser and the water-cooled plate. On the
other hand, the subcooled area in the condenser behind the two-phase area is actually un-
der the influence of the environment and heat sink. The calculation of this part remains to
be studied. In addition, the pressure drop calculated by the Lockhart-Martinelli separated
flow model is relatively larger than reality, which is also one of the reasons for the differ-
ence between the calculated value and the experimental value.
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The model assumes that the working fluid in the compensation chamber is saturated. In ac-
tual operation, the vapor working fluid in the compensation chamber mainly comes from
the evaporation of the inner surface of the wick caused by the guide heat of the diameter of
the free wick; therefore, the temperature is higher than the saturation temperature of the
compensation chamber. In addition, the heat transfer through the casing between the evapo-
rator and the compensation chamber is also a factor that causes the difference.

Conclusion

This paper chose aluminum powder as the material to prepare the LHP evaporator.

The evaporator was assembled into the LHP, and a heat transfer performance test was carried
out. Then, a steady-state mathematical model of the LHP was established, and the experi-
mental data were compared with the model calculation results. The main conclusions can be
summarized as follows.

In this study, aluminum powder is used as the material of the porous wick of the LHP,
and the wick is manufactured by powder metallurgy, thus verifying the feasibility of the
ammonia-aluminum LHP.

For the lightweight trend of LHP, the heat transfer performance of the ammonia-
aluminum LHP was tested. The results show that the ammonia-aluminum LHP could
transfer a heating load of 130 W and the thermal resistance was approximately 0.04 K/W.
During the experiment, the LHP can reach the heat balance quickly, and the temperature
has no obvious fluctuation, which verifies the feasibility of the aluminum wick.

Based on energy conservation, a steady-state mathematical model of the LHP is estab-
lished, and the calculated results are compared with the experimental data. The results
show that the calculated results are consistent with the experimental data.

Nomenclature
A — area of cross section, [m?] & — porosity
Cp - specific heat capacity [Jkg 'mol™'] A —thermal conductivity, [Wm™ K]
Du — Dunbar parameter [W'7>m277] 4 — dynamic viscosity [Pa-s]
d — diameter [m] p —density [kgm]
g - gravity acceleration [ms~2] 6 —surface tension
h —heat transfer coefficient [Wm—2K~'] v — kinematic viscosity, [m?s~']
I'}]<fg — latent hegt. of vaporization [Jkg ] Subscripts
— permeability
L —length [m] amb — ambience
M —mass [kg] ap  — applied to the evaporator
. — mass-flow [kgs™'] CC - compensation chamber
n —number cond — condenser
Pr — Prandtl number eff — effective
P —pressure [Pa] ev  —evaporator
Q — heat quantity [W] f — fluid
Re — Reynolds number 1 — liquid
R - thermal resistance [m?K~"W] I —liquid line
r —radius [m] m  —average value
T —temperature [K] P — pipe
u - velocity [ms™'] sat  — saturated condition
X —dryness tp  —two phase
Greek symbols Ve  —vapor groove
vl —vapor line
o —volume fraction v — vapor
A —change w  —wall
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